Two catalysts, nickel and cobalt, supported on MgO were used for carbon nanomaterials deposition by CO disproportionation. The syntheses were performed at 795 and 900 K in the hydrogen atmosphere. The resulting products were investigated using atomic force microscopy, scanning electron microscopy, and high-resolution transmission electron microscopy. Although in the literature carbon nanofibres are expected to form in the hydrogen presence, we obtained carbon nanotubes, which were multiwall and twisted with the outer diameter of 10-120 nm and the tube length up to 10 µm.
Introduction
Carbon nanotubes (CNTs) and carbon nanofibers (CNFs) are nowadays one of the most extensively studied materials. Carbon nanomaterials have attracted much attention because of their unique and advanced chemical, physical, magnetic and mechanical properties, which make them promising candidates for producing nanometer-sized electronic devices, nanocomposites, drug-delivery systems or chemical sensors [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Up till now several methods for synthesizing carbon nanomaterials have been used such as carbon arc discharge [10] , laser ablation of graphite [11] , and chemical vapor deposition (CVD) [12] [13] [14] . The last method enables the production of carbon nanomaterials at a comparatively low cost and large scale using catalytic reactions such as decomposition of hydrocarbons and disproportionation of carbon monoxide [12, 13] . Many parameters influence the CNTs and CNFs growth in the CVD method. The most important factors determining the structure and yield of carbon nanomaterials are the temperature, pressure, flow and concentration of the reaction gas and the ratio of hydrogen to hydrocarbons or CO [12, 13, 15] .
The catalytic disproportionation of CO in the presence of H 2 resulted in the deposition of carbon on the surface of the catalyst metal particles in a lamellar form while nanotubes were formed in the hydrogen free atmosphere [13] . In that process iron-family transition metals were frequently used as catalysts [12, 13, [16] [17] [18] . Supported Ni catalysts showed very high activity and the longest life for the decomposition of molecules containing * corresponding author; e-mail: barbara.liszka@cmpw-pan.edu.pl carbon atoms at temperatures 773-873 K [12, 19] . Carbon monoxide disproportionation over supported cobalt catalyst led to the formation of carbon nanotubes at the temperatures in the range 633-973 K [13, 20] .
So far the role of the catalyst in the growth of carbon nanotubes and nanofilaments has not been explained in detail. It seems that molecules containing carbon atoms such as hydrocarbons or CO are adsorbed and decomposed on the catalyst surface where the incorporation of carbon atoms into the metal particle takes place and metal carbide may form. Then the carbon atoms precipitate on the opposite surface of the catalyst particle and incorporate into graphene layers. Jablonski et al. [16] implied that the presence of hydrogen was a necessary factor in determining the morphology of the formed carbon. They suggested that in the hydrogen atmosphere, the active sites responsible for the decomposition of the carbon-gas interface were kept "clean" by H 2 . They also claimed that the higher the relative amount of hydrogen, the smaller amount of amorphous carbon were observed [16, 21] .
The aims of our study is to prepare and investigate carbon nanomaterials in CO disproportional reaction, in the hydrogen atmosphere, using Ni and Co catalysts supported on MgO.
Experimental

The synthesis of nickel and cobalt catalysts
The catalysts were prepared according to the method reported by Chen et al. [12] . The obtained solid residue was calcinated at 989 K in air for 5 h followed by the reduction in hydrogen presence at 900 K for 2 h.
Co/MgO catalyst was prepared using the same method except the substitution of the nickel nitrate hexahydrate (471) for cobalt(II) nitrate hexahydrate (POCH). The obtained cobalt catalyst was calcined at 989 K in air for 2 h and reduced in hydrogen atmosphere for 2 h at 1000 K [13] .
The synthesis of carbon nanotubes
In this study carbon nanomaterial was prepared by the CVD technique. A quartz boat with the cobalt or nickel catalysts (40 mg) was placed into a quartz horizontal tube furnace (inner diameter 20 mm and length 620 mm) and then the sample was heated in a flow of argon from the room temperature to 900 K and kept for 15 min in hydrogen atmosphere (5% in argon balance). Next the feed gas (20% CO and 5% H 2 in ratio 1:1) was introduced with the flow rate of 45 ml/min.
The process was carried out for 2 h. Finally the reactor was cooled down with argon to the room temperature.
Carbon nanomaterial were produced in analogous conditions at 795 K.
Characterization of catalysts and carbon nanomaterials
The surface area and the average pore volume of the nickel and cobalt catalysts were measured by nitrogen physisorption at 77 K (Sorptomatic 1800, Carlo Erba). The surface areas were calculated from the linear form of the Brunauer-Emmett-Teller equation (S BET ). The average pore volume was determined by the BarrettJoyner-Harenda (BJH) procedure.
The true density was determined using a helium gas displacement pycnometer (Micromatrics 1305). The catalysts were also examined by X-ray diffraction (Philips PW 1140).
The carbon nanomaterials were observed by the scanning electron microscopy (FEG SEM Zeiss Supra 35, equipped with lateral and inlens SE detectors, and with an energy dispersive X-ray (EDX) analyzer), the high resolution transmission microscopy (HRTEM, TECNAI G 2 equipped with an EDX analyzer) and the atomic force microscopy, AFM (MultiMode, di-Veeco, USA, CA with standard 125 µm single-crystal silicon cantilevers). The analogous situation is observed for Co/MgO catalyst (Fig. 2) . The peaks due to MgO are very close to the peaks of CoO. The presence of solid solution CoO/MgO causes small intensities of peaks assigned to Co metal (difficult in reduction CoO to Co). We have determined some characteristic parameters for our catalysts. The true density of Ni/MgO is 4.76 g/cm 3 and 4.34 g/cm 3 for Co/MgO. The value of specific surface area is 29 m 2 /g (Co catalyst) and 37 m 2 /g (Ni catalyst). The average pore volume measurements provide the values 0.10 cm 3 /g for the former catalyst and 0.14 cm 3 /g for the latter one.
Results and discussion
Characterization of cobalt and nickel catalysts
Characterization of carbon nanomaterial
The results of carbon nanotube synthesis were proved by SEM, AFM, transmission electron microscopy and high resolution transmission electron microscopy (TEM and HRTEM) micrographs.
Figures 3a, b present AFM micrographs of the carbon nanomaterials obtained from Ni/MgO catalyst in CO disproportionation at 900 K. The nanofilament diameters are mostly from 10 to 120 nm and their length was up to 10 µm.
The typical SEM micrographs of the carbon nanomaterials obtained from cobalt catalyst (Fig. 4a,b for 795 K) and nickel catalyst (Fig. 4c,d for 795 K) are shown. Performed SEM observations have proved that the carbon nanomaterial is formed as a network with different package densities. The catalysts are visible as spherical shapes. The carbon nanomaterials obtained from the nickel catalyst are more homogeneous than the ones obtained from the cobalt catalyst, which contains large amount of remaining impurities. No significant differences are observed for the sample structures obtained for 795 K and for 900 K. Figure 5 shows the TEM image of the carbon nanomaterial obtained from nickel catalyst (900 K) as carbon nanofilaments. The dark object in the micrograph is the metal particle (Ni). HRTEM of carbon nanomaterial from Co/MgO (900 K) is shown in Fig. 6a,b . These nanofilaments are inside empty like nanotubes. The dark object in the interior of the nanotubes is cobalt (Fig. 6b) . The number of graphene layers of nanotubes amounts to approximately 20 (Fig. 6a,b) . The presence of hydrogen in this synthesis (ratio CO:H 2 = 20%:5%) does not result in obtaining carbon nanofibers as expected but mostly carbon nanotubes. Indeed, it is not evident in Fig. 4a-d , if nanofiber or nanotubes are formed. Only just TEM and particularly HRTEM observation can clarify this question. However, the hypothesis about mere formation of carbon nanofibers in hydrogen atmosphere was settled with HRTEM studies, special inclination of the carbon layers with respect of the axis of the tube was the reason why nanomaterials produced were called nanofibers rather than nanotubes [13] .
The carbon nanotubes formed by catalytical disproportionation of CO can possess many defects such as localized kinks (Fig. 5) or bends (Fig. 6b) .
Conclusions
Carbon nanotubes have been successfully synthesized via carbon monoxide disproportionation using Ni/MgO and Co/MgO catalysts. The presence of hydrogen in this synthesis (ratio CO:H 2 = 20%:5%) does not result in our studies for obtaining carbon nanofibers but mostly carbon nanotubes. HRTEM studies show that in this method both catalysts allow to form carbon nanotubes and yield good results.
